Abstract-A large spontaneous emission factor of 0.1 was evaluated in a 1.56-m-GaInAsP microdisk injection laser operating under continuous-wave condition with a threshold current of 50 A. Some clear evidence of the large spontaneous emission factor, i.e., superlinear light-current characteristics and nonclamped carrier-current characteristics, were observed. It was confirmed that the matching of the lasing wavelength to the spontaneous emission allowed larger spontaneous emission factor.
T HE ENHANCEMENT of the spontaneous emission factor
(sometimes called ) in microcavity semiconductor lasers will lead to a large light power of the lasing mode below threshold and a nonclamped carrier density at threshold [1] - [3] . Microdisk [4] , [5] , a kind of whispering gallery (WG) mode laser, is fit to observe these phenomena, because of the high lasing mode with an extremely small volume; a mode volume of 0.3 m in a 1.6-m-diameter photo-pumped device [6] and 0.6 m in a 2-m-diameter current injection device [7] have been achieved so far.
For the evaluation of the factor in this type of device, there are two key issues; i.e., the wide range fitting of theoretical light-current ( -) characteristics to experimental ones from far below threshold to above threshold, and the careful consideration to the carrier diffusion effect inside the disk active layer for the precise estimation of carriers contributing toward the lasing. It is difficult to clear these issues and obtain reliable values of the factor by pulsed-and/or photo-pumping experiments [7] , [8] . Recently, we achieved the continuous-wave (CW) lasing in GaInAsP-InP current injection devices with the minimum threshold of 40 A [9] . In this letter, we describe the satisfactory evaluation of large factors in these devices by the wide range curve fitting of -characteristics. We also demonstrate nonclumped carrier-current characteristics, for the first time, which are well consistent with the -characteristics. In addition, we demonstrate the clear dependence of the factor on the detuning of the lasing wavelength against the spontaneous emission spectrum. Laser light versus normalized current characteristics of a device with 2.7-m disk diameter. The laser mode peak intensity was measured with a spectral resolution of 0.2 nm. The integrated power was evaluated from the peak intensity measured with a wider resolution so that it almost covered the lasing spectrum. The same physical parameters as shown in [5] are used for theoretical curves. The diffusion constant of carriers is assumed to be 2 cm /s.
The active layer of these devices was composed of four compressively strained quantum wells (CS-QWs). The disk diameter was 1.8-3.9 m and the thickness was 0.2 m. The current was flowed directly from the top contact via a Pr-Ir needle. The radiated light was directly detected by a sharpened multimode fiber near the device and analyzed by an optical spectrum analyzer. In more than 50 devices, we observed the lasing operation under CW or pulsed condition with some resonant modes at atmospheric temperature 286 K-298 K. Fig. 1 shows laser light versus normalized current characteristics for a 2.7-m-diameter device in linear-linear and log-log plots. The CW operation allowed the light observation at current from 0.01 to 2 times the threshold . The light was evaluated in two ways, i.e., the laser mode peak intensity observed with resolution limit 0.2 nm of the used optical spectrum analyzer, and the spectrally integrated laser mode power evaluated from the peak intensity with wider resolution which covered the mode spectrum. In Fig. 1 , is identified as 50 A by the abrupt increase in the peak intensity, which indicates the increase in stimulated emission. On the other hand, theoretical curves obtained from the rate equation analysis do not characterize the mode peak intensity but the mode power. The spectral integration we employed for the evaluation of mode power is more effective than the spatial integration, since it can exclude the large amount of spontaneous emission from the disk center, and allows the measurement of a relative change of the mode power independently of the light detecting condition. For theoretical curves shown in Fig. 1 , the logarithmic gain characteristic in QWs, the spatial distribution of carriers and mode fields, and the surface recombination at the disk edge were taken into account [5] . In some similar calculations, we observed that the surface recombination was negligible when a typical surface recombination velocity of cm/s was assumed for the GaInAsP. We also observed that the leakage current passing through the disk center and the carrier diffusion effect from the disk center to the disk edge degraded the internal efficiency, but did not significantly change the relationship between the factor and the shape of a theoretical curve. It should be noted that the clear kink seen in the experimental plots of the peak intensity disappeared in the integrated mode power characteristic. From the curve fitting, is evaluated to be 0.1. Such wide range curve fittings, as shown in Fig. 1 , were carried out for other three devices with the same or different disk diameter, and 0.06, 0.03, and 0.003 were evaluated. Fig. 2 shows lasing spectra. When the current was two times the threshold, the peak intensity was over 30 dB stronger than the background spontaneous emission level, and the linewidth reached the resolution limit. Fig. 2 also shows a characteristic wavelength shift of the lasing mode with current. It is a mixture of the blue-shift by the carrier effect and the red-shift by the thermal effect. The pure blue-shift can be evaluated by subtracting the red-shift from the measured shift, where is the thermal resistance ( K/W evaluated from the red shift at higher injection level), ( ) the temperature dependence of the wavelength shift (typically 0.1 nm/K for GaInAsP) and the applied voltage [5] . The corresponding change of the modal index can be calculated from the blue shift [7] . Finally, the change of the carrier density can be calculated from , assuming that is mainly caused by the carrier plasma effect in the active layer, which is almost proportion to [10] . Fig. 3 shows normalized carrier density versus normalized current characteristics, where is the saturated carrier density at . Here, we simply define the threshold carrier density as the carrier density at the threshold current. Then, from the experimental plots in Fig. 3 , is evaluated to be 10%, 5%, and 0% smaller than for three devices which exhibited 0.1, 0.03 and 0.003 in -characteristics, respectively. These results are well explained by theoretical curves from rate equations. To our knowledge, this is the first demonstration of the nonclumped carrier characteristic by the large factor, although a similar characteristic by the carrier diffusion effect in microdisk lasers has been evaluated from the spectrally integrated total spontaneous emission [8] . Corresponding to this, we observed the gradual narrowing of the spectral linewidth above threshold. The linewidth reached the resolution limit at , and for , and , respectively. Thus, the behavior of the integrated laser mode power, the carrier density and the linewidth were completely consistent with each other with the change of the factor. Fig. 4 shows the dependence of the factor on the wavelength detuning , where is the mode wavelength and is the spontaneous emission peak. Theoretical curves were obtained from the simple expression in [5] . The polarization anisotropy factor for the transverse electric polarization was measured to be 1.5 in the photoluminescence radiated parallel to the substrate plane. The normalized spontaneous emission spectrum was measured for a reference mesa by current injection, which showed the almost exponential decay in the longer wavelength region. The equivalent refractive index of the lasing mode was calculated to be 2.65. The mode volume was calculated to be 0.8 m and 1.0 m for disk diameter m and 3.3 m, respectively. As shown in Fig. 4 , the factor strongly depends on the spectrum , and, therefore, depends on the detuning . Experimental plots are qualitatively consistent with the theoretical curves. Spectra for two devices exhibited the nonlasing mode close to the lasing mode. Obviously, the existence of such mode disturbed the enhancement of the factor. A small wavelength difference less than 1 nm between the lasing and nonlasing modes indicates that these modes have the same azimuthal and radial mode orders, but nodes and antinodes locked at different positions. In summary, lasing characteristics of microdisk injection lasers showed the clear evidence of large factor of 0.003-0.1. A larger factor close to 1 not only causes the more indistinct threshold characteristics, but also reduces significantly the apparent threshold, since it accelerates the stimulated emission even below threshold. By reducing the disk diameter to 1.8 m, we expect the classical threshold current determined by the gain and loss balance to be 8 A and the apparent threshold to be much lower due to an expected factor of 0.4. Another issue of interest is the enhancement of spontaneous emission rate, so-called Purcell effect. This effect can be expected when is close to its upper limit determined by the polarization anisotropy of spontaneous emission of the active material, e.g., 0.7 in CS-QWs. The direct measurement of spontaneous emission rate [11] is our next study for getting clearer evidence of the spontaneous emission control.
